Carattino MD, Mueller GM, Palmer LG, Frindt G, Rued AC, Hughey RP, Kleyman TR. Prostasin interacts with the epithelial Na ϩ channel and facilitates cleavage of the ␥-subunit by a second protease. Am J Physiol Renal Physiol 307: F1080 -F1087, 2014. First published September 10, 2014 doi:10.1152/ajprenal.00157.2014.-During maturation, the ␣-and ␥-subunits of the epithelial Na ϩ channel (ENaC) undergo proteolytic processing by furin. Cleavage of the ␥-subunit by furin at the consensus site ␥RKRR 143 and subsequent cleavage by a second protease at a distal site strongly activate the channel. For example, coexpression of prostasin with ENaC increases both channel function and cleavage at the ␥RKRK 186 site. We generated a polyclonal antibody that recognizes the region 144 -186 in the ␥-subunit (anti-␥43) to determine whether prostasin promotes the release of the intervening tract between the putative furin and ␥RKRK 186 cleavage sites. Anti-␥43 precipitated both full-length (93 kDa) and furin-processed (83 kDa) ␥-subunits from extracts obtained from oocytes expressing ␣␤HA-␥-V5 channels, but only the fulllength (93 kDa) ␥-subunit from oocytes expressing ␣␤HA-␥-V5 channels and either wild-type or a catalytically inactive prostasin. Although both wild-type and catalytically inactive prostasin activated ENaCs in an aprotinin-sensitive manner, only wild-type prostasin bound to aprotinin beads, suggesting that catalytically inactive prostasin facilitates the cleavage of the ␥-subunit by an endogenous protease in Xenopus oocytes. As dietary salt restriction increases cleavage of the renal ␥-subunit, we assessed release of the 43-mer inhibitory tract on rats fed a low-Na ϩ diet. We found that a low-Na ϩ diet increased ␥-subunit cleavage detected with the anti-␥ antibody and dramatically reduced the fraction precipitated with the anti-␥43 antibody. Our results suggest that the inhibitory tract dissociates from the ␥-subunit in kidneys from rats on a low-Na ϩ diet.
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epithelial sodium channel; amiloride; prostasin; channel-activating protease 1; proteases THE ALDOSTERONE-SENSITIVE DISTAL NEPHRON has a major role in maintaining Na ϩ and K ϩ balance and therefore extracellular fluid volume and arterial blood pressure. This segment of the nephron is composed of principal cells, which participate actively in Na ϩ reabsorption and K ϩ secretion, and intercalated cells, which contribute to acid-base homeostasis as well as Na ϩ reabsorption and K ϩ secretion (14, 21, 26, 28, 51) . Epithelial Na ϩ channels (ENaCs) expressed at the apical membrane of principal cells facilitate the tubular reabsorption of Na ϩ , which generates a favorable electrochemical driving force for K ϩ secretion. The activity of these channels is modulated by second messengers, specific lipids, laminar fluid flow, extracellular Na ϩ , and proteases (24, 41) . ENaCs are composed of three homologous subunits, termed ␣, ␤, and ␥ (7). Each subunit has two transmembrane domains, a large extracellular region, and intracellular NH 2 -and COOHtermini (6, 42) . The ␣-and ␥-ENaC subunits contain embedded inhibitory tracts in their extracellular loops. Specific proteases cleave these subunits at sites flanking the inhibitory tracts in the biosynthetic pathway during channel maturation and at the plasma membrane (4, 10, 23, 25) . Furin, a pro-protein convertase expressed in the trans-Golgi network, cleaves the ␣-subunit twice, releasing a 26-mer inhibitory tract, and cleaves the ␥-subunit at a single site preceding an inhibitory tract (4, 22) . Channels lacking proteolytic cleavage by furin have a very low open probability (P o ) in the presence of external Na ϩ , whereas channels that have been processed by furin and thereby lack the ␣-subunit inhibitory tract have an intermediate P o of ϳ0.3-0.4 (5, 10, 40) . Channels with a ␥-subunit that is cleaved only by furin can be further activated by proteases that cleave the ␥-subunit at sites distal to the inhibitory tract (4, 25) . These "channelactivating" proteases (CAPs) include prostasin (also referred to as CAP1), transmembrane protease serine 4 (TMPRSS4 or CAP2), matriptase (CAP3), elastase, kallikrein, and plasmin (2-4, 32-34, 36, 38, 45, 48) . Cleavage of the ␥-subunit at the furin cleavage site and at a distal site by a second protease results in full activation of the channel (P o of ϳ1) (4, 9) .
Prostasin is a glycosylphosphatidylinositol (GPI)-anchored aprotinin-sensitive membrane-associated serine protease that was identified as an ENaC activator by functional expression cloning (48) . Coexpression of ENaC and prostasin increases P o of the channel and promotes proteolytic cleavage of the ␥-subunit at the RKRK 186 site, which is distal to the furin site and embedded inhibitory tract (4) . Serine proteases contain a typical His-Asp-Ser catalytic triad that is critical for proteolytic activity (11) . Surprisingly, prostasin mutants with substitutions in the catalytic triad activate ENaCs, suggesting that channel activation by prostasin does not require its catalytic activity (3, 4) . We (4) have previously reported that the introduction of Gln substitutions in the ␥-subunit at the putative prostasin cleavage site (RKRK 186 to QQQQ 186 ) prevented ENaC activation by both wild-type and mutant S238A prostasin, consistent with prostasin-dependent cleavage of the channel. However, it was unclear how a prostasin mutant that is presumably catalytically inactive could facilitate channel cleavage and activation.
In the present report, we examined the mechanism by which the catalytically inactive (S238A) mutant prostasin activates ENaC. Our results indicate that the catalytically inactive pros-tasin mutant promotes ␥-subunit cleavage by an endogenous aprotinin-sensitive protease in Xenopus oocytes, facilitating the release of the inhibitory tract between the RKRR 143 and RKRK 186 sites. To examine the proteolytic release of the inhibitory tract in vivo, we used a polyclonal antibody that recognizes region 144 -186 in the ␥-subunit. We found that dietary salt restriction promoted cleavage of the ␥-subunit and the release of this inhibitory tract. Taken together, these results indicate that dietary salt restriction increases Na ϩ reabsorption in the distal nephron, at least in part, by promoting the release of an inhibitory tract from the ␥-subunit.
EXPERIMENTAL PROCEDURES
Vectors and cell culture. Wild-type and mutant murine ENaC subunits and prostasin cDNAs were as previously described (4). ␥-ENaC was tagged with NH 2-terminal hemagglutinin (HA) and COOH-terminal V5 epitopes (HA-␥-V5). Human embryonic kidney (HEK)-293H cells were purchased from Invitrogen (Carlsbad, CA). Cells were grown in DMEM containing 10% FBS, 0.1 mM MEM nonessential amino acids, 50 U/ml penicillin, and 50 g/ml streptomycin. HEK-293H cells were transiently transfected with cDNAs encoding ENaC and prostasin using 293fectin, as described by the manufacturer (Invitrogen). The total amount of DNA transfected was held constant by cotransfection of humanized recombinant green fluorescent protein (GFP; pIRES-hrGFP II, Stratagene, La Jolla, CA).
Antibodies. A polyclonal rabbit antibody against residues 131-187 of mouse ␥-ENaC (anti-␥43) was raised by Quality Controlled Biochemicals (Hopkinton, MA). A polyclonal rabbit antibody against ␥-ENaC was purchased from Stressmarq Bioscience (Victoria, BC, Canada), monoclonal anti-prostasin antibody was purchased from BD Transduction (Minneapolis, MN), monoclonal anti-V5 antibody was purchased from Invitrogen, and agarose-immobilized goat anti-V5 antibody was purchased from Bethyl Laboratories (Montgomery, TX).
Electrophysiology. Stage 5-6 oocytes were isolated from adult female Xenopus laevis (NASCO, Plant City, FL) using a protocol approved by the Institutional Animal Care and Use Committee of the University of Pittsburgh. Oocytes were injected with 1 ng cRNA encoding ENaC subunits and 3 ng cRNA encoding wild-type or mutant S238A prostasin. Oocytes were maintained at 18°C in modified Barth's solution (MBS) containing (in mM) 88 NaCl, 1 KCl, 2.4 NaHCO 3, 15 HEPES, 0.3 Ca(NO3)2, 0.41 CaCl2, and 0.82 MgSO4 with 10 U/ml penicillin, 10 g/ml streptomycin, and 100 g/ml gentamycin sulfate (pH 7.4). Electrophysiological measurements were performed 20 -26 h postinjection, as previously described (4, 8 -10) . The recording solution contained (in mM) 110 NaCl, 2 KCl, 1.54 CaCl 2, and 10 HEPES (pH 7.4). Two-electrode voltage clamp was performed with a TEV-200A amplifier (Dagan, Minneapolis, MN). Data were captured with a Digidata 1440A acquisition system and analyzed with pCLAMP 10 (Molecular Devices, Sunnyvale, CA). Oocytes were mounted in an oocyte perfusion chamber and impaled with glass electrodes filled with 3 M KCl. The resistance of the electrodes measured in the recording solution was between 0.2 and 2 M⍀. ENaC-mediated currents were defined as the difference in measured currents in the absence and presence of amiloride (10 M).
Oocyte biotinylation. This procedure was performed as previously described (46) . To minimize protein endocytosis, experiments were performed at 4°C. Briefly, oocytes injected with ␣␤HA-␥-V5 subunit cRNAs, with or without wild-type or mutant S238A prostasin cRNA, were placed in individual wells of a cell culture cluster 20 -26 h postinjection and incubated in MBS without antibiotics on ice for 30 min. Noninjected oocytes served as controls. Groups of 48 -50 oocytes were washed twice with biotinylation buffer (10 mM triethanolamine, 150 mM NaCl, and 1 mM CaCl 2, pH 8.0) and incubated for 15 min with biotinylation buffer supplemented with 1 mg/ml EZ-link-sulfo-NHS-SS-biotin (Thermo Scientific, Waltham, MA).
Oocytes were incubated with quench buffer (MBS ϩ 192 mM glycine) for 5 min with gentle agitation, washed twice with MBS without antibiotics, and then homogenized with an insulin syringe in a buffer containing 100 mM NaCl, 50 mM Tris, and 1% protease inhibitor cocktail III (EMD Millipore, Billerica, MA, pH 7.4). The homogenate was centrifuged twice at 200 g for 10 min, and the supernatant was incubated with solubilization buffer containing 100 mM NaCl, 50 mM Tris, 4% Triton X-100, and 1% protease inhibitor cocktail III (pH 7.4). Insoluble material was sedimented by centrifugation at 14,000 g for 15 min, and the supernatant was used for immunoprecipitation with anti-␥43 or anti-V5 antibodies.
Immunoprecipitation of ␥-subunits from oocytes. Supernatants (300 l) prepared from oocytes expressing ENaCs were incubated overnight at 4°C with 50 l protein G-agarose and either the anti-␥43 (12 l) or anti-V5 (1 l) antibody. The beads were collected by centrifugation and washed three times in solubilization buffer, and proteins were eluted and incubated overnight with 50 l of streptavidin-conjugated beads at 4°C. The precipitated proteins were recovered by heating the beads with SDS sample buffer (Bio-Rad, Hercules, CA) containing ␤-mercaptoethanol (280 mM) for 5 min at 90 -100°C.
Immunoprecipitation of ␥-subunits from kidney extracts. SpragueDawley rats (180 -200 g) of either sex (Charles River Laboratories, Kingston, NY) were maintained for 6 -8 days on either a Na ϩ -deficient rat diet (MP Biomedicals, Solon, OH) or a matched diet containing 1% NaCl (control). Rat kidney membranes were prepared as previously described (18) with a protocol approved by the Institutional Animal Care and Use Committee of Weill Cornell Medical College. Membrane extracts (10 l) were resuspended in (400 l) buffer containing 62.5 mM EDTA, 50 mM Tris, 0.4% deoxycholate, and 1% Nonidet P-40 (pH 8.4) and incubated overnight at 4°C with 50 l protein G conjugated to agarose and either the anti-␥43 (4 l) or anti-␥ (5 l) antibody. The agarose beads were collected by centrifugation and washed three times in solubilization buffer, and proteins were eluted and analyzed by immunoblot analysis.
Coimmunoprecipitation. HEK-293H cells grown on six-well plastic dishes were transiently transfected with ␣␤HA-␥-V5 ENaC and wild-type or mutant (S238A) prostasin cDNAs. Cells transfected with a vector coding for GFP served as controls. After 3 days in culture, cells were washed twice with Dulbecco's PBS without Ca 2ϩ and Mg 2ϩ (Cellgro, Manassas, VA) and then incubated at room temperature on a rotating shaker with 0.5 ml detergent solution containing 100 mM NaCl, 40 mM KCl, 1 mM EDTA, 20 HEPES, 10% glycerol, 1% Triton X-100, and 1% protease inhibitor cocktail III (pH 7.4) for 20 min to solubilize proteins. Cell extracts were transferred to 1.5-ml tubes and centrifuged at 20,000 g for 7 min at 4°C. Supernatants were moved to a clean 1.5-ml tube, and an aliquot was retained to assess total ENaC and prostasin expression (20 l). The rest of the sample was incubated end over end overnight at 4°C with either 0.625 g mouse anti-prostasin antibody (BD Transduction Laboratories) and 50 l rec-protein G conjugated to sepharose (Invitrogen) or 50 l agarose-immobilized goat anti-V5 antibody (Bethyl Laboratories). Immunoprecipitated proteins were recovered by centrifugation. The supernatant was removed, and the pellet was washed with 0.5 ml detergent solution and then with 0.5 ml buffer containing 150 mM NaCl and 10 mM HEPES (pH 7.4). At each step, all liquid was removed with a Hamilton syringe. Immunoprecipitated proteins were recovered by heating the beads with 30 l SDS sample buffer (Bio-Rad) containing ␤-mercaptoethanol (140 mM) for 2 min at 90 -100°C. Aliquots (20 l) of cell extracts were heated after the addition of 10 l of the same SDS sample buffer with ␤-mercaptoethanol.
Immunoblot analyses. Samples were subjected to SDS-PAGE (Criterion precast gels, Bio-Rad) and then electrophoretically transferred to 0.45-m pore size nitrocellulose membranes (Millipore). Nitrocellulose blots were blocked with 10% milk in PBS (100 mM NaCl, 80 mM Na2HPO4, and 20 mM NaH2PO4) and then incubated overnight with anti-prostasin (1:1,000, BD Transduction), anti-␥ ENaC (1:500, Stressmarq Bioscience), or anti-V5 (1:1,000, Invitrogen) antibodies in 1% milk. Antibody binding was detected with horseradish peroxidaseconjugated secondary antibodies (KPL, Gaithersburg, MD) using Western Lightning Plus-ECL (Perkin-Elmer, Waltham, MA) and film (Kodak, Rochester, NY). The density of the bands was quantified with ImageJ (39) .
Prostasin-aprotinin interactions. HEK-293H cells plated on 10-cm-diameter dishes were transfected with GFP, wild-type prostasin, or mutant S238A prostasin cDNAs. Twenty hours after transfection, the media were replaced with fresh Opti-MEM reduced serum media (Invitrogen). After 48 h, media were collected and centrifuged for 10 min at 200 g. The supernatant was concentrated to ϳ200 l with an Amicon Ultra centrifugal filter device (10,000 molecular weight cutoff, Millipore). Aliquots of supernatants were incubated with 100 l of aprotinin-conjugated agarose beads (Sigma) for 90 min. The beads were collected by centrifugation, washed three times with PBS supplemented with 1% Triton X-100, and stored at Ϫ20°C for immunoblot analyses.
Protease activity. HEK-293H cells plated on 10-cm-diameter dishes were transfected as described above with cDNAs for GFP, wild-type prostasin, or mutant S238A prostasin. Twenty hours after transfection, media were replaced with fresh Opti-MEM reduced serum media. Media were collected after 48 h and centrifuged for 10 min at 200 g. The supernatant was concentrated to ϳ200 l with an Amicon Ultra centrifugal filter device (10,000 molecular weight cutoff, Millipore). The volume of the samples was adjusted to ϳ240 l with Opti-MEM reduced serum medium. To measure proteolytic activity, 10 l of concentrated media were incubated with 90 l of reaction buffer for 80 min at 37°C. The final reaction mixture consisted of 0.
, Diapharma, OH), 10 mM Tris, and 0.25% CHAPS (pH 9). The reaction was stopped with 10 l of 50% acetic acid. Absorbance was measured at 405 nm.
Statistical analysis. Data are presented as means Ϯ SE. Statistical comparisons between groups were performed with unpaired Student's t-tests unless otherwise indicated. P values of Ͻ0.05 were considered statistically different. Statistical analysis was performed with GraphPad 5.0 (GraphPad Software, San Diego, CA).
RESULTS
Prostasin has been recognized as one of the proteases that regulate ENaC activity in epithelia (16, 48) . Studies (3, 4) in heterologous expression systems have shown that wild-type prostasin as well as prostasin mutants bearing substitutions in the catalytic triad are capable of activating ENaCs, suggesting that prostasin proteolytic activity is not necessarily required for channel activation. We found that both wild-type and mutant (S238A) prostasin promote ␥ subunit cleavage at the RKRK 186 tract (4), suggesting that wild-type and mutant proteases activate the channel by facilitating the release of the ␥-subunit inhibitory tract. To gain further insights into the mechanism of ENaC activation by prostasin, we examined whether wild-type and mutant S238A prostasin promote the release of the inhibitory tract, spanning residues 144 -186, from the ␥-subunit. For this purpose, we generated a rabbit polyclonal antibody against residues 131-187 of the murine ␥-subunit (anti-␥43). We hypothesized that the anti-␥43 antibody would precipitate full-length and furin-processed ␥-subunits but would not precipitate subunits cleaved at both the RKRR 143 (furin) and RKRK 186 (putative prostasin) sites. ␣␤HA-␥-V5 channels were expressed in Xenopus oocytes alone or with wild-type or mutant (S238A) prostasin. Protein extracts prepared from these oocytes were incubated with either anti-␥43 antibody or anti-V5 antibody and with protein G-conjugated agarose. Precipitated proteins were separated electrophoretically, transferred to nitrocellulose membranes, and immunoblotted with anti-V5 antibody. We found that anti-␥43 antibody immunoprecipitated both full-length (93 kDa) and furin-processed (83 kDa) ␥-subunits from extracts obtained from oocytes expressing ␣␤HA-␥-V5 channels (Fig. 1, left) . The furin-processed (83 kDa) band was not observed in immunoprecipitates obtained from oocytes expressing both ␣␤HA-␥-V5 channels and either wild-type or mutant prostasin, consistent with the release of the intervening tract between the RKRR 143 and RKRK 186 sites. In agreement with our previous studies (4, 22) , we found that anti-V5 antibody immunoprecipitated both full-length and furin-processed ␥-subunits from oocytes expressing wild-type (␣␤HA-␥-V5) ENaCs (Fig. 1, right) . Coexpression of wild-type or mutant prostasin resulted in a shift of the 83-kDa band to a slightly lower molecular mass form (77 kDa) that was detected with the anti-V5 antibody, consistent with proteolytic cleavage at a site distal to the furin cleavage site. Taken together, our results indicate that wild-type and mutant S238A prostasin promote ␥-subunit cleavage and release of the fragment between residues 143 and 186.
Serine proteases contain three critical residues at their catalytic site: Ser, His, and Asp. Mutations introduced at these sites result in reduced substrate turnover number without major changes in the Michaelis constant (11) . The residues that form the catalytic triad in prostasin are His 85 , Asp
134
, and Ser
238
( Fig. 2A) . Although the effects of mutant S238A prostasin on ENaC activity have been previously examined in heterologous expression systems, the catalytic activity of this mutant has not been assessed. To determine whether mutant S238A prostasin is catalytically inactive, we measured amidolytic activity on media collected from cells transfected with cDNAs for GFP, wild-type prostasin, or mutant S238A prostasin (Fig. 2B) . We found that amidolytic activity was significantly greater in media collected from HEK-293H cells transfected with prostasin than with either GFP or mutant S238A prostasin (n ϭ 4, P Ͻ 0.01 for GFP vs. prostasin and P Ͻ 0.05 for prostasin vs. mutant S238A prostasin by ANOVA followed by a Tukey's multiple-comparison test). No statistically significant difference in amidolytic activity was observed between cells transfected with GFP and mutant S238A prostasin. As shown in Fig.  2C , the amount of secreted prostasin was similar in media collected from cells transfected with wild-type or mutant S238A prostasin (n ϭ 4). These results indicate that mutant S238A prostasin is catalytically inactive and is presumably incapable of cleaving the ENaC ␥-subunit.
Aprotinin is a competitive serine protease inhibitor derived from the bovine lung that reduces amiloride-sensitive Na ϩ transport in epithelia (30, 37, 50) . In heterologous expression systems, aprotinin prevents ENaC activation by prostasin (1, 13, 48) . The structure of a prostasin-aprotinin complex has been recently solved (44) . As shown in Fig. 2A , residues in the catalytic triad of prostasin are located in close proximity to the aprotinin-binding site. We examined whether aprotinin interacts with mutant S238A prostasin. Extracts from HEK-293H cells transiently transfected with GFP, wild-type prostasin, or mutant S238A prostasin were incubated with aprotinin-conjugated agarose beads. The beads were then washed, and prostasin binding was assessed by immunoblot analysis. Whereas wild-type prostasin precipitated with aprotinin-agarose beads, mutant S238A prostasin did not (n ϭ 4; Fig. 3A) . We next examined whether the activation of ENaC by mutant S238A prostasin was sensitive to aprotinin (Fig. 3B ). Oocytes injected with cRNA encoding ENaC alone or ENaC and either wildtype or mutant (S238A) prostasin were incubated in the presence or absence of aprotinin. Amiloride-sensitive currents were determined 20 -26 h after injection. Consistent with previous studies (3, 4), we found that amiloride-sensitive currents were significantly greater in oocytes coexpressing ENaC and either wild-type or mutant prostasin than in oocytes expressing ENaC alone (n ϭ 16, P Ͻ 0.01 with or without prostasin and P Ͻ 0.001 with or without mutant prostasin by Kruskal-Wallis test followed by Dunn's multiple-comparisons test). In contrast, similar levels of amiloride-sensitive currents were seen in oocytes expressing ENaC alone or in oocytes coexpressing ENaC and wild-type or mutant prostasin when oocytes were incubated with aprotinin (n ϭ 15-16, P ϭ not significant by Kruskal-Wallis test followed by Dunn's multiple-comparisons test). Overall, our experiments revealed that aprotinin prevents the activation of ENaC by wild-type and mutant prostasin, even though mutant prostasin does not bind to aprotinin. Taken together, these results suggest that mutant prostasin promotes the cleavage and activation of ENaC by an endogenous aprotinin-sensitive protease in Xenopus oocytes.
Our experiments indicated that the prostasin mutant does not directly cleave ENaC, but it promotes the release of the inhibitory fragment from the ␥-subunit by another protease expressed in oocytes. We hypothesized that a physical interaction between the prostasin mutant and ENaC promotes proteolytic processing of the channel by the endogenous protease. To examine whether ENaC binds to wild-type or mutant prostasin, we conducted coimmunoprecipitation experiments with extracts obtained from HEK-293H cells expressing GFP, HA-␥-V5, ␣␤HA-␥-V5, ␣␤HA-␥-V5 and prostasin, and ␣␤HA-␥-V5 and mutant S238A prostasin (Fig. 4) . Anti-V5 or anti-prostasin immunoprecipitates were separated electrophoretically, transferred to nitrocellulose membranes, and immunoblotted with antibodies against prostasin or the V5 epitope. As shown in Fig. 4 , both wild-type and mutant (S238A) prostasin were recovered with anti-V5 antibody (n ϭ 4). Conversely, ENaC ␥-subunits were recovered with anti-prostasin antibody. These results suggest that ENaC and prostasin, either wild-type or mutant, are present in a protein complex.
The mineralocorticoid aldosterone regulates Na ϩ reabsorption and K ϩ secretion in the distal nephron (for reviews, see Refs. 35 and 43). Reduced Na ϩ intake in experimental animals prompts aldosterone release, which increases ENaC subunit abundance and promotes proteolytic processing of the ␣-and ␥-subunits (15, 31) . Our previous studies (4, 10) have suggested that proteases augment ENaC activity by releasing inhibitory fragments from the ␣-and ␥-subunits and that proteolytic cleavage per se is not sufficient to activate ENaCs. Channel activation requires cleavage at multiple sites with release of imbedded inhibitory tracts. To determine whether reduced Na ϩ intake results in the release of the tract 143-186 from the ␥-subunit, we used anti-␥43 or anti-␥ subunit antibodies to immunoprecipitate ENaCs from membranes prepared from the kidneys of rats fed a normal or low-Na ϩ diet. Membrane extracts were incubated with either anti-␥43 or anti-␥ subunit COOH-terminal antibodies, and immunoprecipitated ENaC was recovered and subject to SDS-PAGE and immunoblot analysis with anti-␥ COOH-terminal antibody (Fig. 5) . With both antibodies, we observed an ϳ85-kDa polypeptide, presumably representing the full-length rat ␥-subunit, under control conditions, as previously described (15) . When animals were maintained on a low-Na ϩ diet, we observed less of the full-length ␥-subunit with both antibodies. While a 70-kDa polypeptide was recovered with anti-␥ antibody from animals on a low-Na ϩ diet (15), this polypeptide was largely absent when the anti-␥43 antibody was used for immunoprecipitation. These results suggest that dietary salt restriction promotes ␥-subunit cleavage as well as dissociation of the ␥-subunit inhibitory tract from the COOH-terminal ␥-subunit fragment. Proteins eluted from aprotinin-conjugated beads were separated by SDS-PAGE and analyzed by IB with anti-prostasin antibody (right). Prostasin expression in the whole cell lysate was also assessed (left). Numbers on the left of the image represent the mobility of protein standards (in kDa). Blots are representative of four independent experiments. B: aprotinin prevents the activation of ENaC by wild-type and mutant prostasin. Twoelectrode voltage clamp was performed in oocytes injected with ␣␤␥-ENaC with or without wild-type prostasin or mutant S/A prostasin cRNAs. After cRNA injection, oocytes were incubated with or without aprotinin (100 g/ml). Amiloride-sensitive Na ϩ currents (I amil) were measured with the two-electrode voltage-clamp technique as described in EXPERIMENTAL PROCE-DURES. Statistically significant differences in whole cell currents with coexpression of wild-type or mutant prostasin versus expression of ENaC alone are indicated as **P Ͻ 0.01 and ***P Ͻ 0.001 (n ϭ 15-16 from 2 batches of oocytes) by Kruskal-Wallis test followed by Dunn's multiple-comparisons test. 
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DISCUSSION
The final amount of Na ϩ and K ϩ eliminated in the urine is determined in the distal segments of the nephron, including the late distal convoluted tubule, connecting tubule, and collecting duct. Dietary salt restriction stimulates aldosterone secretion from the adrenal gland, which promotes Na ϩ absorption as well as K ϩ secretion in the distal nephron. Both aldosterone infusion and dietary salt restriction substantially augment ENaC activity in principal cells (15, 18) . ENaC-mediated whole cell conductance in collecting duct principal cells is at least 50 times greater in rats maintained on a low-Na ϩ diet than on a normal Na ϩ diet (20) , although dietary salt restriction only produces a two-to fourfold increase in ENaC surface expression (19) . This suggests that the change in the number of channels at the plasma membrane that occurs in response to dietary salt restriction cannot account, per se, for the observed increase in ENaC function. Taken together, these studies suggest that multiple mechanisms account for the observed effects of dietary salt restriction on whole cell ENaC activity.
Compelling evidence indicates that the release of imbedded inhibitory tracts from the ␣-and ␥-subunits by proteases increases ENaC P o (4, 9, 25, 41) . Both aldosterone infusion and dietary salt restriction promote maturation and cleavage of ENaC ␣-and ␥-subunits (15) . It has been recently reported that a 70-kDa COOH-terminal ␥-subunit cleavage fragment was seen in kidney homogenates of rats that received aldosterone, whereas a 75-kDa fragment was noted in rats treated with both aldosterone and the serine protease inhibitor camostat (47) . These observations suggest that a camostat-sensitive serine protease promotes the release of the inhibitory tract from the COOH-terminal ␥-subunit cleavage fragment. Svenningsen and colleagues, using a monoclonal antibody raised against the human ␥-subunit inhibitory tract, found that this region is released from channels exposed to plasmin (45) , a protease that cleaves the ␥-subunit after Lys 194 (33, 45) . To determine whether the ␥-subunit inhibitory tract is released from the channel complex in animals maintained on a Na ϩ -restricted diet, we generated an antibody against residues 131-187 in the ␥-subunit (anti-␥43), which includes the inhibitory tract spanning the furin and putative prostasin cleavage sites. We found that dietary salt restriction results in loss of the inhibitory tract from the COOH-terminal ␥-subunit cleavage fragment (Fig. 5) , indicating that, under these conditions, the ␥-subunit is cleaved twice and the tract between the RKRR 143 and RKRK 186 sites is released from the ␥-subunit. We propose that the release of the ␥-subunit inhibitory tract contributes to the increased ENaC activity registered in rats maintained on a low-Na ϩ diet. Prostasin is one of many proteases that may be involved in ENaC processing and activation in vivo. This protease is associated with the plasma membrane through a GPI anchor and can be secreted in response to signals that activate phosphatidylinositol-specific phospholipase C (12). Prostasin is released into renal tubules, and its urinary concentration increases in response to aldosterone infusion in rats (29) . A correlation between aldosterone levels and urinary prostasin excretion has been reported in humans (27) . To gain further insights regarding the mechanism(s) by which prostasin activates ENaC, we conducted biochemical and functional experiments with wild-type prostasin and a catalytically inactive mutant (S238A). We (4) have previously reported that mutant (S238A) prostasin cleaved the ␥-subunit and increased ENaC activity similarly to wild-type prostasin. Using anti-␥43 antibody, we found that both wild-type prostasin and catalytically inactive mutant prostasin promoted the release of the intervening tract between the putative furin and ␥RKRK 186 cleavage sites. Whereas aprotinin prevented ENaC activation by mutant S238A prostasin, the mutant did not bind to aprotinin (Fig. 3) . Taken together, our results suggest that mutant S238A prostasin facilitates the release of the imbedded inhibitory tract from the ␥-subunit and channel activation by an endogenous aprotinin-sensitive protease expressed in Xenopus oocytes.
How does wild-type prostasin activate ENaC? Our coimmunoprecitation experiments suggest that both ENaC and prostasin (wild type or mutant S238A) are present in a multiprotein complex. Prostasin-dependent cleavage of ENaC has been suggested to occur at the plasma membrane, as deletion of the consensus motif for the GPI anchor attachment at the prostasin COOH-terminus prevents ENaC activation (3, 49) . We speculate that the association of prostasin with ENaC facilitates ␥-subunit cleavage by proteases that are recruited to this protein complex by prostasin as well as by catalytically inactive prostasin (Fig. 6) . We hypothesize that wild-type prostasin itself may cleave the ␥-subunit, as suggested by previous studies (4, 47) . Prostasin has been shown to both interact with other proteases as well as facilitate zymogen conversion. For example, prostasin and matriptase form a reciprocal zymogen activation complex that is required for epithelial development and homeostasis (17) . The activation of the prostasin-matriptase complex can occur independent of prostasin catalytic activity and prostasin zymogen conversion (17) , suggesting that prostasin may serve as a nonproteolytic cofactor for the activation of heterologous trypsin-like serine proteases. It is also possible that the binding of prostasin to ENaC exposes regions of the channel that are otherwise inaccessible, facilitating ␥-subunit cleavage by other proteases.
In summary, the results of our study revealed that a catalytically inactive mutant prostasin activates ENaC in Xenopus oocytes via facilitating the release of an imbedded inhibitory tract from the ␥-subunit by an endogenous aprotinin-sensitive protease. As proteases often function within a catalytic cascade, our results suggest that prostasin may, in part, work "upstream" of other protease(s) that directly cleave ENaC by acting as a scaffold for protease binding. Furthermore, our results indicate that dietary salt restriction promotes both cleavage and release of an imbedded inhibitory tract from the ␥-subunit, which likely accounts, in part, for the increased Na ϩ reabsorption observed in animals on a low-Na ϩ diet.
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